ence the cellular outcomes of hh signaling in Drosophila
and in vertebrate embryos, suggesting that the cell assocauses the following: first, maximal expansion of wg expression; second, ventral cuticle defects including a ciation conferred upon hh signaling domains by autorectangular rather than trapezoidal shape for the dentiprocessing in cultured cells is likely to have relevance cle belts and a loss of denticle diversity; third, dorsal to embryonic patterning.
cuticle defects with loss of tertiary and an expansion in To gain a better understanding of the consequences secondary cell types; and fourth, embryonic lethality of autoprocessing, we investigated its biochemical ( Figures 1C, 1F , and 1I). This phenotype is essentially mechanisms and tested its role in Drosophila embryos. identical to that caused by ubiquitous expression of We found that the processing reaction extends beyond Hh or Hh-N. Hh and Hh-N under enGAL4 control were simple peptide bond cleavage, proceeding through a expressed at comparable levels (see Figures 2 and 3 thioester intermediate to covalent modification of the below), and similar mispatterning effects were observed amino-terminal signaling domain. This modification drawith three independent Hh-N lines. matically increases the hydrophobic character of the Fietz et al. (1995) reported no difference in patterning signaling domain, suggesting the operation of a novel effects for en-driven expression of Hh or a truncated lipid modification pathway. The unmodified amino-terconstruct that includes all of Hh-N plus 51 additional minal domain displays abnormal embryonic patterning residues from the carboxy-terminal domain (Nϩ51). We activity and altered spatial and subcellular distribution, examined the properties of the Nϩ51 protein in cultured indicating a critical regulatory role for the autoprocesscells and found that, in addition to reduced protein levels ing event. The presence of an hh-like autoprocessing as reported by Fietz et al. (1995) , the Nϩ51 protein also domain in proteins encoded by at least six novel nemais less soluble and is poorly secreted (data not shown), tode genes suggests that the type of autoprocessing all of which might account for its reduced activity relative observed for Hh represents a more broadly utilized pathto the precisely truncated Hh-N construct we analyzed. way for biogenesis of secreted proteins.
Autoprocessing and the Distribution Results of the Amino-Terminal Domain
To investigate further the role of autoprocessing, we Autoprocessing and Spatial Patterning Activity visualized by immunofluorescence the localization of To test the role of autoprocessing in Hh patterning activamino-terminal epitopes derived from expression of Hh ity, we utilized the Drosophila two-element system in the Schneider 2 (S2) Drosophila cultured cell line based on the GAL4 transcriptional activator of yeast (Schneider, 1972) . Confocal microscopy showed that (Brand and Perrimon, 1993) to control expression of amino-terminal epitopes are prominently localized at the constructs encoding the following: first, full-length Hh ; cell surface (data not shown), thus accounting for the and second, Hh-N, a protein truncated immediately foltight cell association observed previously by immulowing the Gly at the cleavage site. Both constructs noblotting (Porter et al., 1995). The cell surface reactivity previously were shown to encode signaling activity, but was observed either with or without detergent permeathese prior experiments involved ubiquitous expression bilization. In contrast with cells expressing Hh, cells exand did not distinguish between the spatial patterning pressing Hh-N or the Nϩ51 construct showed no surface properties of the two proteins. In the current experilocalization for amino-terminal epitopes (data not ments, one element (enGAL4) contained GAL4 coding shown). These results are similar to those previously sequences under control of the engrailed (en) promoter, reported for amino-terminal protein fragments derived expressed coincidently with hh in segments of the trunk, from full-length and truncated constructs from the Shh and the second element contained a GAL4-responsive gene (Bumcrot et al., 1995; Roelink et al., 1995 Hh-N constructs using the en promoter to drive exprespromoter control previously was shown to cause expansion, as described above (see Figure 1) The pattern of wg mRNA expression (A-C) and ventral (D-F) and dorsal cuticle patterns (G-I) were analyzed in wild-type embryos (A, D, and G) and in embryos trans-heterozygous for the enGAL4 element (producing GAL4 under engrailed promoter control) and for a GAL4-responsive element containing either the intact hh open reading frame (UAS Hh) (B, E, H, and K) or a precisely truncated amino-terminal domain construct encoding residues 1-257 (UAS Hh-N) (C, F, and I). Adult wing structures are shown for wild type and UAS Hh (K and I) but not for UAS Hh-N since the few embryos that hatch (less than 1%) die as larvae. these punctate structures are considerably higher than reactivity in these structures derives from expression of the endogenous wild-type gene. observed with the endogenous hh gene alone ( Figures  2D, 2F, and 2I ). In contrast, the UAS Hh-N encoded protein is not found in large punctate structures but is Autoprocessing Confers Hydrophobic Character predominantly localized to a more apical domain in a
The differences in spatial patterning properties and submore diffuse distribution (see Figures 2E, 2G, and 2J) . cellular localizations of amino-terminal domain proteins The Hh-N protein also appears more broadly distributed encoded by Hh and Hh-N, shown here in embryos and with prominent concentrations of signal at locations up previously in cultured cells, suggest the possibility of a to several cell diameters away from the parasegment physical difference between these proteins. To facilitate boundary ( Figure 2J ). We note that about the same numreference to these two proteins, the amino-terminal dober of punctate basolateral structures appear as typimain protein derived by autoprocessing henceforth will be referred to as Hh-N p and the amino-terminal domain cally are seen in wild-type embryos, suggesting that the The location of the modifying group from mass spectral analysis appears to be somewhere within the amino acid residues comprised by the carboxy-terminal product of CNBr fragmentation. We tested the sensitivity of these two proteins to digestion by carboxypeptidase Y and observed that Hh-N p is resistant to digestion ( Figure  4D ) whereas Hh-N is degraded ( Figure 4E ). This result confirms the physical difference between Hh-N p and Hh-N and suggests that the modification occurs on the carboxyl terminus of the amino-terminal domain, thus rendering Hh-N p resistant to the activity of carboxypeptidase Y. A carboxy-terminal location for the modification is also consistent with the proposed mechanism of modification (see below). to Gly-257 of Hh) (see Figure 6B ). This species is observed in admixture with a species of mass expected Experimental Studies of the Autoprocessing Mechanism: Thiol Attack from the His 6 fragment with no dithiothreitol adduct, and this lower-mass species is presumed to result from and a Thioester Intermediate If His 6 Hh-C cleavage proceeds via Cys-258 attack on the hydrolysis of the dithiothreitol adduct. Third, other thiolcontaining molecules such as ␤-ME, glutathione, and carbonyl of Gly-257 to generate a thioester intermediate, then the reaction would be expected to require the thiol free cysteine can also drive the His 6 Hh-C autocleavage reaction ( Figure 6A, lanes 8, 9, and 10) , and mass specside chain of Cys-258 and should be inhibited by thiolattacking reagents such as N-ethylmaleimide (NEM).
Proposed Chemical Mechanism of Autoprocessing
tral analysis of the products resulting from these reactions revealed species of mass expected from thioesterMutagenesis of Cys-258 to Ala ( Figure 6A, lane 3) completely abolishes in vitro cleavage, and pretreatment of linked adducts to the His6 fragment (data not shown). Interestingly, whereas reactions with ␤-ME and glutaHis6Hh-C with NEM ( Figure 6A , lane 5) inhibits subsequent autocleavage by ‫.%06ف‬ Furthermore, by analogy thione yielded species corresponding to the hydrolysis product in addition to species containing an adduct, to proHisDcase, it might be expected that either a thiol or a hydroxyl could function as the initial attacking group. reactions driven by free cysteine yielded primarily a species of mass indicative of a cysteine adduct with no Indeed, although reaction efficiency is greatly reduced, replacement of Cys-258 by a Ser still results in some hydrolysis product evident. To account for the absence of hydrolysis product in the cysteine-driven reaction, cleavage ( Figure 6A, lane 4) . In addition, we find that 4, and 5) . N, C, and U denote the amino-terminal fragment from a truncated construct, the carboxy-terminal fragment, and the uncleaved precursor, respectively. In the absence of microsomes, the uncleaved and amino-terminal domain proteins retain signal sequences and are labeled U ss or Nss. In the presence of microsomes, the processed amino-terminal domain (Np) migrates faster than the truncated protein (N).
we propose that the thioester adduct with cysteine unobserved derive from exogenous nucleophiles added at high concentration. To gain a better understanding of dergoes a rapid S to N shift to form an amide bond that is stable to hydrolysis. This phenomenon, observed the naturally occurring modification reaction, we asked whether the altered physical properties of Hh-Np could previously when hydroxyl or thiol containing amino acids were used as nucleophiles to attack thioester intermedibe conferred by in vitro translation of the Hh precursor in the presence of microsomes. Indeed, in transcription/ ates, has recently been exploited to facilitate protein ligation in vitro (Levine and Dodds, 1990; Dawson et translation extracts to which dog pancreatic microsomes were added, faster migration was observed for al., 1994). In these ligation studies, peptides containing amino-terminal cysteines were utilized as thioester-atHh-N p relative to Hh-N ( Figure 6E, lanes 3, 4, and 5 ). This alteration in mobility of the amino-terminal fragment tacking nucleophiles capable of rearranging to form stable peptide bonds at neutral pH. We asked whether our translated and processed in the presence of microsomes suggests that the endoplasmic reticulum may in vitro cleavage reaction could catalyze protein ligation to peptides containing amino-terminal cysteines by addbe the cellular site of the Hh-C-mediated modification reaction. ing two different cysteine-initiated peptides, 13 or 10 residues in length, to in vitro cleavage reactions. As assayed by immunoblotting ( Figure 6C ) and by mass Modularity of Hh-C Function Although our in vitro studies with His6Hh-C indicated spectrometry ( Figure 6D ; data not shown), each peptide tested was able to participate in a ligation reaction. that amino-terminal domain sequences are not required for thioester formation, a possible role of amino-terminal domain sequences for the full modification reaction was The Modification Reaction In Vitro Our in vitro studies with purified protein do not recapitunot ruled out. Accordingly, we tested the ability to undergo modification in vivo of a construct in which aminolate the full modification reaction, since the adducts terminal domain sequences are replaced by an influenza processing reaction, including hydrophobic modification, can be initiated by the carboxy-terminal domain virus epitope tag such that the epitope tag is located upstream of the cleavage site (see Experimental Procewith no specific requirement for amino-terminal domain sequences. dures). As seen in Figure 7A (lanes 1 and 2) , the processed fragment (FT p ) migrates faster in SDS-PAGE The sufficiency of Hh-C sequences to initiate autoprocessing and modification raises the possibility that than the corresponding fragment derived from a truncated construct (FT), suggesting that the full autothe Hh-C autoprocessing domain might be found in as-sociation with proteins that do not contain a counterpart indicative of a covalent modification and of an associated increase in hydrophobic character; this modificato the Hh-N domain. Comparison of the Hh sequences with protein sequence and expressed sequence tag tion thus appears to be responsible for the normal cellular localization of the signaling domain and for the (EST) databases indeed revealed highly significant similarity (probability of matching by chance between 10 Ϫ5 normal spatial pattern of embryonic signaling activity. and 10
Ϫ13
) between Hh-C and six novel Hh-C-related Caenorhabditis elegans proteins (see Figures 7B and The Mechanism of the Modification Reaction 7C, sequence alignment and schematic diagram). ConThe chemical mechanism of Hh autoprocessing and servation throughout the autoprocessing domain inmodification that emerges from our biochemical studies cludes residues corresponding to Hh residues Cys-258, involves an internal rearrangement to form a thioester His-329, and Asp-282 that may constitute a conserved between the carbonyl of Gly-257 and the thiol of Cyscatalytic triad. Sequences from cDNAs representing four 258. This thioester then undergoes nucleophilic attack, of these six (one incomplete) include extensive aminoresulting in the release of Hh-C and modification of the terminal regions, none of which showed significant simiamino-terminal fragment on Gly-257 by an adduct delarity to Hh-N or to any other proteins in current datarived from the attacking nucleophile ( Figure 5B ). This bases. Of the four, however, three are related to each general scheme is common to a number of other protein other, and each of these three is predicted to contain modification reactions that also carry out acyl transfers an amino-terminal cleavable signal peptide (von Heijne, via cysteine-derived thioester intermediates. Such reac-1986).
tions include the ubiquitin transfer cascade (Hershko We tested whether one of these proteins, ZK (overlapand Ciechanover, 1992), complement fixation and the ping but distinct from the theoretical protein ZK1290.5, related action of the ␣-macroglobulin proteinase inhibiwhich appears to have been incorrectly assembled from tor (Chu and Pizzo, 1994) , and the subset of self-splicing genomic sequence), was cleaved in a manner analogous proteins that bear a sequence resemblance to Hh-C at to Hh. An influenza virus epitope tag was inserted into the cleavage site (Koonin, 1995 The Nature of the Modification chain termination codon (zkN-Flu) (see Figure 7D) . CysThe physical properties of Hh-N p that distinguish it from 291 in ZK corresponds to Cys-258 in Hh-C (Figure 7B) , Hh-N include greater electrophoretic mobility and inand thus represents the first residue following the precreased hydrophobic character, i.e., quantitative deterdicted cleavage site. As seen in Figure 7E , a Western gent extraction and dramatically prolonged retention blot of extracts from transfected cells shows that zkWTin hydrophobic interaction chromatography. Hh-N p also Flu produces a product that comigrates with zkU-Flu possesses greater mass than Hh-N, and is insensitive and corresponds to unprocessed precursor, but in addito carboxypeptidase digestion. As argued above (see tion yields a cleaved product that comigrates with the Results), the unique chemical behavior of Hh-N p conproduct of zkN-Flu. The fact that the processed fluferred by the autoprocessing reaction is indicative of tagged amino-terminal cleavage product comigrates modification by covalent linkage to the carboxyl termiwith zkN demonstrates cleavage at the site predicted nus of the amino-terminal signaling domain. In addition, by homology, and the requirement for Cys-291 at this the greater electrophoretic mobility rules out modifying cleavage site indicated by the zkU-Flu construct suggroups consisting exclusively of carbohydrates or of gests that cleavage proceeds by a mechanism similar amino acid residues, since these modifications would to that of Hh-C. The identification of a modifying group be expected to decrease mobility. will require further characterization, since these nemaThe significant increase in hydrophobic character of tode proteins may not be accurately processed in DroHh-N p relative to Hh-N suggests that the modifying sophila cells. The sequence data and the cleavage of group may be a lipid, given that lipids are broadly defined ZK in cultured cells suggest that these genes encode a as hydrophobic cellular components requiring organic novel class of secreted proteins related to Hh in their solvents for extraction (Alberts et al., 1994). We atability to autoprocess. tempted to identify or rule out the known lipid modifications associated with other proteins (myristoylation, palDiscussion mitoylation, prenylation, and GPI addition) (reviewed by Casey, 1995) . No incorporation of label into immunoprePrevious work established that Hh processing is autocipitated Hh-Np was observed when we pulse-labeled S2 catalytic, identified the site of cleavage, and demoncells with radioactive phosphate or with the radioactive strated that the amino-terminal product of autoprocessfatty acids mevalonate, palmitate, myristate, and steaing suffices to account for hh-associated signaling rate (data not shown). To rule out more specifically the activities in Drosophila and in vertebrates. Here, we re-GPI anchor, we treated Hh-Np with the enzymes phosport that autoprocessing influences the cell and tissue phatidylinositol-specific phospholipase C (PI-PLC) and distribution of the amino-terminal signaling domain and PI-PLD, or with nitrous acid, and observed no change its spatial patterning properties in embryos. Biochemical in its electrophoretic mobility or hydrophobic character characterization of the processed protein revealed striking physical differences from the unprocessed protein, (data not shown 
